arene hexa-acetic acid derivatives toward biological amino compounds such as nucleobases, amino acids or catecholamines was recently studied 12 but the nature of the host-guest adducts remained unclear and the endo-cavity complexation of the ammonium ions was not evidenced.
We have shown that the conformational behaviour of calix [6] arenes can be controlled by the grafting of three ammonium arms on their narrow rim. 13 The resulting calix [6] trisammoniums are constrained in cone conformation through an ion-paired cap formed by the assembly of their cationic arms and the counter-anions. In organic media, these simple polarized hosts behave as remarkable endo-receptors since, besides its structural role, the supramolecular cap provides an efficient binding site for polar neutral guests through chargedipole interactions and hydrogen bonding (Figure 1 , left). In order to design calix [6] arene based receptors able to include ammonium ions in their cavity, we were interested in studying the opposite way for the rigidification of the calixarene core, i.e. an ion-paired cap consisting in three carboxylate arms and their counter-cations. With such poly-carboxylate receptors, strong electrostatic interactions were notably expected for the stabilization of the host-guest adducts. 14 Our first aim was to contribute to the understanding of the factors which govern the recognition of ammonium ions by poly-anionic hosts possessing a hydrophobic cavity. On the other hand, we wanted to study the feasibility of developing simple and efficient sensors for biologically important ammonium ions.
In the present work, we describe the remarkable host-guest properties of calix [6] tris-acid derivatives 1 15 and 2 16 ( Figure 1 , right) toward ammonium ions. In contrast to 1, the open cavity of calix [6] tris-acid 2 was expected to allow the inclusion of large ammonium guests. [6] tris-acid 1 toward ammonium ions.
Results

H NMR study of the host-guest properties of calix
First, the ability of calix [6] of the R'NH 3 + guest in the heart of the calixarene cavity (δ CH3 = -1.38 and - (with R'= Pr) was also obtained by the addition of 1 equiv. of R'NH 3 + ,Pic -and 1 equiv. of its corresponding free amine to a CDCl 3 solution of 1 (Scheme 1).
These NMR studies emphasize the remarkable ability of calix [6] tris-acid 1 for the endocomplexation of small ammonium ions. 21 Similarly to the calix [6] tris-ammonium receptors 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 included PrNH 3 + . Residual solvent has been labeled "S". 
NMR studies of the endo-complexation of various ammonium ions by calix[6]tris-acids 1 and
2.
Similarly to 1, the host-guest behavior of calix [6] tris-acid 2 toward PrNH 3 + was investigated by 1 H NMR spectroscopy in CDCl 3 at 294 K. In this case, 3 equiv. of PrNH 2 were needed for ) for an efficient endo-complexation of ammonium ions.
Hence, in a second set of NMR experiments, we tested the ability of the hosts 1 -3H+ and 2 -3H+ for the recognition of ammonium ions of various size, shape and structure. In particular, we wanted to study if an inclusion of biologically important ammonium ions was possible inside the hydrophobic cavity of these receptors. The ammonium ions which were successfully endo-complexed are displayed in Scheme 2. In all cases, free and included guests . In these cases, the calixarene structure displayed high-field shifted resonances for the methoxy groups showing that they partially occupied the hydrophobic cavity. However, the endo-complexation of . Finally, to our delight, the inclusion of biological polyamines 
Spermidine : 2 ways of binding Spermine : Tuning of the ion-paired cap.
As shown above, the endo-complexation of an ammonium guest in the cavity of the calix [6] tris-acids 1 and 2 requires the exo-complexation of at least one bridging exoammonium ion for the assembly of the supramolecular cap. Thus, the next degree of sophistication consisted in the elaboration of receptors displaying a supramolecular cap constructed with an exo-ammonium ion which differs from the included one. Indeed, with such receptors, the design of highly responsive sensors for ammonium ions can be envisaged.
For this, our strategy was based on the formation of the cap thanks to a bulky ammonium ion (i.e. tBuNH 3 + ) unable to be included in the cavity. Hence, the tris-tBuNH 3 + salts of 1 and 2, namely 1 -3H+,3tBuNH3+ and 2 -3H+,3tBuNH3+ were isolated in 82 % and 98 % yields respectively ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Figure 4b ). . ▼: included PEANH 3 + . Residual solvent has been labeled "S". 
Conclusion
In conclusion, we have shown that calix [6] tris-acids 1 and 2 behave as remarkable hosts for ammonium ions under experimental conditions for which the calix [6] tris-ester and tris-amide derivatives are inefficient. In particular, the inclusion of large biological ammonium ions was achieved with the calix [6] tris-acid 2 which possesses an open cavity. As evidenced through NMR studies and a X-ray structure, the preorganization of the molecular receptors in a welldefined rigid cone conformation takes place thanks to the self-assembly of a supramolecular cap that closes the narrow rim of the calixarene and thus provides a suitable interaction site for ammonium ions. This required cap is formed through the association of the terminal carboxylate or carboxylic groups and exo-ammonium ions via hydrogen bonding and ionpaired interactions. The X-ray structure of an host-guest complex showed, on one hand, a remarkable C 3 -complementarity between the well-organized binding carboxylates of the host and the ammonium guest and, on the other hand, a cooperative tail-to-tail dimeric selfassembly of two calixarenes subunits. The host-guest adducts possessing an ion-paired cap revealed to be highly stable in polar and protic solvents. Finally, the assembly of the cap was also performed with a bulky ammonium ion unable to enter into the cavity. In this case, it led to molecular receptors able to respond, through a very selective process, to only one equivalent of an ammonium ion present in solution. All this work highly contributes to the rationalization of ammonium ions complexation by macrocyclic receptors in organic media.
In addition, it shows the efficiency of the calix [6] arene platform, along with ionic interactions, for the recognition of ammonium ions in protic media and thus opens interesting perspectives for the elaboration of sensors for bioactive ammonium ions in aqueous media as well as self-assembled nano-size objects. The structures were solved by direct methods and refined using SHELXL. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Similarly, the NH 3 + signal of the included guests was down-field shifted. This is in good agreement with an increasing acidity of the ammonium group of the guests upon a total deprotonation of the hosts. 20 In the case of the propylammonium ion, a NOESY experiment confirmed that the highfield peaks belong to a guest PrNH 3 + and allowed us to attribute all the resonances of the guest (See the Supporting Information). 21 It is noteworthy that, at low temperature, no endo-complexation of small neutral polar molecules (i.e. EtOH, DMF or imidazolidin-2-one) was observed with 1 or 1 -3H+ (formed by addition of 3 equiv. of the bulky tBuNH 2 ), showing that these hosts include ammonium guests specifically. 22 An additional hydrogen bond involving a carboxylate group and a molecule of CHCl 3 is observed in the X-ray structure. Hence, the stabilization of the dimeric self-assembly takes place through a network of 20 hydrogen bonds. 23 The CIS values were determined after addition of an excess of the free amine R'NH 2 into a CDCl 3 solution of the calixarene host (i.e. 1 or 2). CIS were defined as ∆δ = δ(complexed ammonium ion) -δ(free amine). 24 It is noteworthy that the chirality of the racemic guest is not sensed by the calixarene core, since the host-guest adduct displays a C 3v symmetrical NMR pattern. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
